We studied the status of chromosomes 1 and 19 in 363 astrocytic and oligodendroglial tumors. Whereas the predominant pattern of copy number abnormality was a concurrent loss of the entire 1p and 19q regions (total 1p/19q loss) among oligodendroglial tumors and partial deletions of 1p and/or 19q in astrocytic tumors, a subset of apparently astrocytic tumors also had total 1p/19q loss. The presence of total 1p/19q loss was associated with longer survival of patients with all types of adult gliomas independent of age and diagnosis (P 5 .041). The most commonly deleted region on 19q in astrocytic tumors spans 885 kb in 19q13. 33 -q13.41, which is telomeric to the previously proposed region. Novel regions of homozygous deletion, including a part of DPYD (1p21.3) or the KLK cluster (19q13.33), were observed in anaplastic oligodendrogliomas. Amplifications encompassing AKT2 (19q13.2) or CCNE1 (19q12) were identified in some glioblastomas. Deletion mapping of the centromeric regions of 1p and 19q in the tumors that had total 1p/19q loss, indicating that the breakpoints lie centromeric to NOTCH2 within the pericentromeric regions of 1p and 19q. Thus, we show that the copy number abnormalities of 1p and 19q in human gliomas are complex and have distinct patterns that are prognostically predictive independent of age and pathological diagnosis. An accurate identification of total 1p/19q loss and discriminating this from other 1p/19q changes is, however, critical when the 1p/19q copy number status is used to stratify patients in clinical trials.
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T he majority of oligodendrogliomas WHO grade II (O) and two-thirds of anaplastic oligodendroglioma WHO grade III (AO), as well as subsets of oligoastrocytomas WHO grade II (OA) and anaplastic oligoastrocytomas WHO grade III (AOA) have concurrent hemizygous deletions of the entire 1p and 19q regions (total 1p/19q loss). This genotype is now considered to be a result of an unbalanced translocation t(1;19)(q10;p10) 1, 2 and is generally regarded as a hallmark of oligodendroglial tumors (this term encompasses O, AO, OA, and AOA in the following text). 3 The exact breakpoint(s) of the t(1;19) translocation are however unknown. Losses of 1p and 19q were correlated with longer survival in AO and AOA. 4, 5 In contrast to oligodendroglial tumors, astrocytic tumors rarely have total 1p/19q loss. Instead, some of them may have smaller deletions or gains around 1p36 or 19q13. 6 -8 The impact of 1p/19q status in the survival of astrocytic tumors is not clear.
We have previously reported that astrocytic tumors with total 1p loss have significantly longer overall survival when compared with those with other patterns of 1p alterations or with normal copy number. 6 Our data suggested that the astrocytic tumors with total 1p loss may be biologically distinct from those with other types of 1p status. In this study, the copy number status of chromosome 1 and 19, particularly the centromeric regions of 1p and 19q, was extensively studied using array-comparative genomic hybridization (CGH) using a combination of platforms in a series of oligodendroglial and astrocytic tumors. We found that the patterns of chromosomes 1 and 19 alterations are complex. Total 1p/19q loss was significantly associated with longer overall survival of the patients independent of age and diagnosis. A detailed deletion mapping of the 1p/19q centromeric regions suggest that the breakpoint(s) of t(1;19) translocation may be in the pericentromeric regions of 1p and 19q, not disrupting any known protein coding genes.
Materials and Methods

Tumor Materials and Nucleic Acid Extraction
Collection, handling, and DNA/RNA extraction of tumor tissues and the patients' blood samples have been described previously. 9 In general, the operations were gross total; no cases with only biopsy were included. 
Microsatellite Analysis
Microsatellite analysis (MSA) was performed as described. 10 The 32 microsatellite markers used are listed in Supplementary Material, Table S1 .
Array-CGH
The 1-Mb array and the 2 versions of the chromosome 1 tile-path array (versions 1 and 2, which contain chromosome 1 tile-path clones and 5-Mb clones only) have been described. 6, 11 Over the course of this study, 2 versions of the chromosome 19 tile-path array were constructed using the method previously described. 6 The first version contains 347 overlapping bacterial artificial chromosome (BAC) clones that cover 68.6% of the euchromatic region of chromosome 19. The second version contains an additional 121 overlapping fosmids that cover 19q13. In addition, an array combining chromosomes 1 and 19 tile path BAC/P1-derived artificial chromosome clones as well as overlapping fosmid clones covering 19q13 (121 fosmids, same as above), pericentromeric regions of 1p (111 fosmids) and 19q (80 fosmids) were also constructed in order to further analyze the centromeric regions of 1p and 19q. A summary of the tile path -array experiments (the number of clones included and cases studied) is in Supplementary Material, Table S2 .
A custom oligonucleotide array was designed and manufactured using the eArray system (Agilent Technologies, Santa Clara, California, https://earray. chem.agilent.com/earray/). All available high-density probes for the pericentromeric regions of chromosomes 1 and 19 (chr1: 120 000 126 -144 003 112 and chr19: 22 502 407-33 799 497) available at the time of manufacturing were included in duplicate. In addition, selected regions from chromosomes 2, 3, and 5 were included for normalization.
Labeling, hybridization, and data acquisition for all BAC arrays and custom oligonucleotide arrays were performed essentially as described. 6 For analysis, the linear ratios of the background-subtracted signal intensities were normalized against the median ratio of either the 1-Mb clones (1-Mb array), 5-Mb clone (tile-path array), or probes from selected regions of chromosomes 2, 3, and 5 (custom oligonucleotide array), averaged between the duplicates, and log 2 -transformed. The clone/probe positions and the normalized log 2 ratios for all tile path and custom oligonucleotide arrays are shown in Supplementary Material, Table S3 .
SNP Array
Human CNV370 Genotyping BeadChips (Illumina, San Diego, California) were used to genotype-selected cases according to the manufacturer's recommendations. Briefly, 750 ng of genomic DNA was amplified, fragmented, and hybridized to the array. Products were fluorescently labeled and scanned with the Illumina Beadstation scanner. Raw data were then uploaded in the Beadstudio v3.2 genotyping software (Illumina) for further analysis. First, genotype calls were generated and copy number values and loss of heterozygosity (LOH) were calculated. Then, using the Genome Viewer tool, the log 2 R ratio (a measure of the signal intensity at a given locus) and B allele frequency (an estimate of the ratio between the signals of the 2 alleles for each SNP) were examined to locate chromosomal regions with allelic imbalance.
Multiplex PCR
Multiplex PCR was optimized and performed as previously described. 6 All primers are listed in Supplementary Material, Table S1 .
Fluorescent In Situ Hybridization
Formaldehyde-fixed paraffin-embedded tumor tissues were sectioned (4 mm), deparaffinized, and pretreated with 10 mM citric acid at 808C for 2 hours followed 
Results
Patterns of Chromosome 1/19 Alterations in Gliomas
A total of 363 gliomas (see Materials and Methods) were analyzed using a 1-Mb array. In this study, we focus on copy number alterations on chromosomes 1 and 19 alone. A detail of the 1-Mb array data for the whole genome will be published elsewhere (Chan, manuscript in preparation). The patterns of 1p and 19q copy number status were determined and categorized as follows: total 1p loss or total 19q loss was judged when all 1p or 19q clones showed clear evidence of deletion, and the pericentromeric clones of 1q or 19p showed no signs of deletion (eg, monosomy 1 or 19 was not included in this category). Deletion of 1p36 was judged when a terminal or interstitial deletion was limited to any part of 1p36 (telomeric to and including RP1-159A19 Thus, the predominant patterns of 1p and 19q copy number changes among astrocytic tumors involved partial deletions of one or both chromosomes, most often involving 1p36 or 19q13, while total 1p loss and/or total 19q loss were uncommon. In contrast, the great majority of 1p/19q copy number changes in oligodendroglial tumors were the concurrent total 1p/19q loss, with partial deletions of 1p36 or 19q13 being rare. They were also examined by MSA using up to 32 markers on chromosome 1 when the patients' constitutional DNA was available. Array-CGH and MSA findings correlated well, with array-CGH showing loss or gain where MSA indicated allelic imbalance. There was no evidence of copy number neutral LOH on chromosome 1.
Patients' Survival and 1p/19q Status
We then tested the patients' overall survival in days calculated from the date of operation for potential association with the 1p/19q status. Only adult patients (16 years of age or older, in total 337 patients) were included in this analysis. The median follow-up of the patients was 4803 days (13.2 years) ranging between 2903 and 7306 days (8.0 and 20.0 years). The 1p/19q status was grouped into the following 3 categories: normal 1p and normal 19q, combined total 1p/19q loss, and any other 1p or 19q status (eg, partial deletion of either or both chromosomal arms) as defined above. In the univariate analysis of adult patients of all diagnoses, patients with total 1p/19q loss showed significantly longer overall survival compared with those with normal 1p/19q, whereas patients with other 1p/19q status had significantly shorter survival than those with normal 1p/19q status (Table 1 and Fig. 1 , P , .001). Multivariate analysis including 1p/19q status, age, and histopathological diagnosis for all cases showed that 1p/19q status was an independent prognostic factor (P ¼ .041, Table 1 ). When tumors of each histological subtype were studied separately, the 1p/19q status was an independent prognostic factor for GBs, but not for the other subtypes. When survival was compared among the patients with tumors that had total 1p/19q loss, WHO grade III and IV tumors tend to have shorter survival when compared with WHO grade II tumors, although the difference was not significant.
Regions of Chromosome 1 Copy Number Abnormalities
We then studied the regions of copy number abnormalities on chromosomes 1 and 19 using BAC chromosomal tile-path arrays. The number of cases examined by each array-CGH platform is summarized in Supplementary Material, Table S2 . In total, 222 tumors were examined by chromosome 1 tile path array. These include 108 astrocytic tumors we have previously reported, in which we found that small hemizygous or homozygous deletions (HDs) limited to 1p36.22-p36.23 were predominant chromosome 1 abnormalities in these tumors. 6 Analysis of 96 oligodendroglial tumors showed that in total 23 tumors had chromosome 1 copy number alterations other than total 1p deletion. Of these, 6 tumors had one or more interstitial deletions on 1p (OA26, AO13, AO23, AO12, AOA15, AOA27; Fig. 2A ). These interstitial 1p deletions did not overlap with the commonly deleted region at 1p36.22-1p36.23 reported in astrocytic tumors 6 except in the case of OA26, which had 3 large individual regions of deletion on 1p ( Fig. 2A ). Copy number gains on chromosome 1 were found in 10 tumors. No common recurrent breakpoints for copy number changes were observed. Thus, the patterns of 1p deletion in oligodendroglial tumors contrasts with the data we previously reported for the astrocytic tumors. 6 One anaplastic oligodendroglioma, AO7, showed HD at 3 consecutive clones (RP11-145D11, RP11-128G13, and RP11-212L13) on 1p21.3 on a background of total 1p/19q loss (Figs 2A and 3A). These 3 clones contained a part (at least exon 1 -12) of the Dihydropyrimidine Dehydrogenase (DPYD) gene (Fig. 3A inset) . Multiplex PCR at exons 6 and 7 of DPYD showed copy number values of 0.18 (exon 6) and 0.21 (exon 7), which are well below the theoretical value of a single copy (¼1), confirming the HD (Fig. 3B) .
Two oligodendrogliomas, O4 and O40, had HDs at 3 clones in O4 (RP11-220M1, RP11-116M11, and RP11-218J17) and 4 clones in O40 (RP1-86A18, RP11-295K8, RP11-433N7, and RP11-220M1) in addition to the total 1p/19q loss. These 2 HDs were overlapping at single clone, RP11-220M1, which harbors the Fas (TNFRSF6) associated factor 1 (FAF1) gene and the cyclin-dependent kinase inhibitor 2C (CDKN2C/p18INK4C) gene. Multiplex PCR at exons 1 and 7 of FAF1 and exon 1 of CDKN2C confirmed HD (Supplementary Material, Fig. S1 ).
The patient's constitutional DNA from AO7, O4, and O40 showed normal copy number of chromosome 1 (data not shown), indicating that these HDs are somatic.
Regions of Chromosome 19 Copy Number Abnormalities
Among the 98 tumors (5 A, 14 AA, 28 GB, 23 O, 15 AO, 2 OA, and 11 AOA) studied by chromosome 19 tile-path An anaplastic oligodendroglioma, AO26, showed somatic HD at 2 clones (RP11-10I11 and RP11-433D4) in addition to the total 19q loss (Fig. 2B) . The result was reproducible in 2 independent hybridizations. This region does not contain any reported CNVs (http://projects.tcag.ca/variation) and hybridization of the matched blood DNA showed normal copy number status on chromosome 19 (data not shown). This region falls centromeric to the most frequently deleted region defined in this study (see above) and telomeric to that of others 7 but does not overlap with either of them. A part of the kallikrein-related peptidase (KLK6-14) gene clusters as well as the sialic acid binding Ig-like lectin 7 (SIGLEC7) gene, SIGLEC9 and the ATP-binding domain 3 (ATPBD3) gene were mapped in this region.
Amplifications on chromosome 19 were found in 3 GBs (Supplementary Material, Fig. S2 ). GB168 showed multiple small amplicons in the terminal region of 19q. The amplicon with the highest amplitude (RP11-195O11 and RP11-135F15) encompassed a part of the ubiquitin carboxyl-terminal hydrolase 29 (USP29) gene. GB215 had a low-level amplicon that spans 3.85 Mb (RP11-81C10 and RP11-17M22) containing a number of genes including the v-akt murine thymoma viral oncogene homolog 2 (AKT2) gene. GB178 displayed an amplicon encompassing 2.28 Mb at 19q12 (RP11-197B9 to RP11-419O10). The cyclin E1 (CCNE1) gene is mapped to this region, among other protein coding genes.
Breakpoint Mapping in the Pericentromeric Regions of 1p/19q
To map potential breakpoints of the t(1;19) translocation, near-centromeric regions of 1p and 19q were examined using various microarray platforms including a regional fosmid tile-path array, custom oligonucleotide array (Agilent Technologies), and the CNV370 array (Illumina). Twenty-four tumors (10 O, 4 AO, 1 OA, 2 AOA, 3 A, 2AA, and 2 GB) with total 1p/19q loss were studied by a 1p/19q BAC/fosmid array. The region telomeric to the NOTCH2 gene (1p12) showed deletion in all cases, while the data from the region including the centromeric half of NOTCH2 showed a tendency for copy number retention. However, the exact borders of transition were difficult to determine Fig. S3 ), whereas others showed the patterns suggestive of copy number retention of the pericentromeric regions to varying extents (eg, AO28, Supplementary Material, Fig. S4 ).
To further elucidate the copy number status in the near-centromeric region, 14 tumors with total 1p/19q loss were examined using a custom 1p/19q pericentromeric oligonucleotide microarray (see Materials and Methods). The region chr1:118994276 -120333081 was covered by 1079 probes (average interval 309 bp, defined as Region 1 in Fig. 4C ). The chr1:120333082 -120851337 region on 1p12 is highly homologous to the chr1:143829712 -144000384 region on 1q21 (Region 2 in Fig. 4C , see Discussion) and only 8 sparsely distributed specific probes were available. The chr1:120851338 -121052453 region was covered by 154 probes (average interval 1314 bp, Region 3 in Fig. 4C ). No unique sequence probes were available in the most centromeric region (chr1:121052454 -121186957, Region 4 in Fig. 4C ) due to the high prevalence of repetitive sequences. On 19q, the chr19:32929768 -33799497 region was covered by 2145 probes (average interval 406 bp, Region 5 in Fig.  5C ). The most centromeric region (chr19:32423623-32929767, Region 6 in Fig. 5C ) almost entirely consists of repeat sequences and only a single probe was available. The availability of probes for these regions varied (see Materials and Methods). In all 14 tumors examined, the 1p/19q pericentromeric regions covered by a high density of probes showed clear sign of hemizygous deletions, including the 19q pericentromeric region, which had appeared to be retained in the fosmid array analyses (Figs 4C and 5C ). In 6 tumors, LOH analysis was performed using an Illumina CNV370 SNP array. On 1p, only a limited number of probes were informative in the Regions 2 -4 (centromeric to 120333082), where coverage by Agilent probes was insufficient (see earlier and Fig. 4C and D). The great majority of those loci showed LOH in tumors (with single isolated exceptions, see Fig. 4D ). On 19q, a number of probes in the Region 6, where Agilent probes were not available, were informative. All of them showed LOH (Fig. 5D) . Interphase FISH was performed on 2 tumors (AO28 and AA34) that had total 1p/19q loss. The specimen used for FISH contained more than 90% of tumor cells. All 6 probes (see Materials and Methods) showed unique signals at the corresponding chromosomal locations when hybridized to normal metaphase chromosomes (Supplementary Material, Fig. S5 ). RP4-656M7 (located 200 kb telomeric to NOTCH2) showed a modal peak at 1 when compared with RP11-533N14 (1q21.1), which showed a modal peak at 2 in both tumors (left column in Fig. 6 and Supplementary Material, Fig. S5 ). This indicated that the region corresponding to RP4-656M7 was deleted, which is consistent with the array-CGH result. On the other hand, RP11-453B6, the most centromerically mapped BAC on 1p (Fig. 4C) , showed a modal peak at 2 in these 2 tumors, suggesting that this region is retained (middle column in Fig. 6 and Supplementary Material, Fig. S5 ). G248P85854G8 (1p11.2), a fosmid clone that overlaps with RP11-453B6, also appeared to be retained (data not shown). RP11-296C17 (19q12), located most centromerically on 19q, indicated copy number loss, which is consistent with the oligonucleotide array results (right column in Fig. 6 and Supplementary Material, Fig. S5 ).
Discussion
The Distinct Patterns of 1p/19q Alterations and Survival
Total 1p/19q loss has almost been considered as hallmark of oligodendrogliomas 3, 12 and is known to be associated with longer overall and progression-free survival in AOs and AOAs when treated by radiotherapy, with or without chemotherapy. 4,5,13 -15 The impact of the 1p/19q status in other types of glioma is less well documented. Only a few studies attempted to investigate the association of the 1p/19q status with patients' survival, and the results have not been consistent. 8, 14, 16 The objectives of this study were to investigate the patterns of copy number changes on chromosomes 1 and 19 in diffuse astrocytic and oligodendroglial tumors, to define the targeted regions of these copy number changes, and to evaluate their prognostic value. Our findings show that astrocytic and oligodendroglial tumors generally have distinct patterns of 1p/ 19q copy number changes, with concurrent total 1p/ 19q loss being predominantly found among oligodendroglial tumors, whereas other types of chromosome 1 and 19 copy number alterations are rare in oligodendroglial tumors but are more common in astrocytic tumors. Our data show that total 1p/19q loss, but not other patterns of 1p/19q alterations, predicts longer overall survival in all adult astrocytic and oligodendroglial tumors combined, independent of diagnosis and patients' age. This was observed in each histopathological subtype, although the difference did not reach significance except among GBs (Table 1) . These findings are in line with the notion that the tumors with a total 1p/19q loss have a distinct biology when compared with those without. However, we also found 9 tumors diagnosed as astrocytic with total 1p/19q loss. These tumors were reviewed histologically. They had been diagnosed as A (3 cases), AA (3 cases), and GB (3 cases). One of the AAs and 2 of the GBs were noted at review to have a small oligodendroglial component. This was not consistent with the tumors being classified as anaplastic oligoastrocytomas, which requires a conspicuous content of tumor cells resembling the tumor cells in an oligodendroglioma. 3 However, this raises the issue of how representative of the whole tumor the material examined histologically was. It is conceivable that these 3 cases, while not fulfilling the WHO criteria for oligoastrocytomas really represent such tumors. The same is true for the other 6 cases. Thus, as only a small fraction of any glioma is histologically characterized, and considering the fact that this study showed a significant survival advantage for glioblastoma patients with total 1p and 19q loss, parallel determination of the status of 1p and 19q may provide more accurate prognostic data.
There is a discussion as to whether total 1p/19q loss is a prognostic marker in oligodendroglial tumor patients who do not receive adjuvant treatment. 17 It has to be noted that the adjuvant radio-and/or chemotherapy given to the patients in this study was not uniform, 18 in particular among the tumors of different pathological diagnosis. This made it difficult to incorporate adjuvant therapy in the survival analysis of this study. Of note, all 3 As and 1 AA had total 1p/19q loss as the sole copy number change in the 1-Mb analysis, whereas 5 other tumors showed various genomic changes in addition to the total 1p/19q loss. These include 9p loss (3 GB), monosomy 10 (1 GB), and trisomy 7 (1 GB), and CDKN2A HD (1 GB), which are the type of abnormalities frequently observed in GBs without total 1p/19q loss (data not shown). It appears as if there is little difference in genomic profile between GBs with and without total 1p/19q loss, although the number of cases is small.
Methods and Loci for 1p/19q Testing
Our data has implications for the stratification of patients in clinical trials. The most commonly used methods to detect deletions of 1p and 19q are either FISH at a single locus on each chromosomal arm 4, 5 or LOH analysis using a few microsatellite markers. 19 Although these methods are often technically more feasible in the routine clinical laboratories than array-CGH, 20 they may not always distinguish partial and total deletions of 1p/19q. When the copy number status of 1p/19q in our tumor series was judged only at a single locus corresponding to the commonly used probes available from a commercial source (1p36.32 and 19q13.32, "virtual FISH"), 8 tumors (2 AA, 4 GB, 1 OA, and 1 AOA) that showed concurrent partial deletions of the 1p36/19q13 loci would have been misjudged as having a total 1p/19q loss ( Supplementary  Material, Fig. S6A ). When the patients' survival of these 8 partial 1p36/19q13 deletion cases and the genuine total 1p/19q loss cases were compared, the patients with genuine total 1p/19q loss survived significantly longer than those with concurrent partial 1p/19q loss (univariate test P , .001, multivariate test with age and diagnosis P ¼ .014, see also Supplementary Material, Fig. S6B ), while the partial deletion cases showed a similar survival to cases with other 1p/19q status. Thus, these FISH probes would have wrongly identified 8 patients as potentially having a good prognoses. In order to accurately judge the total 1p/19q loss using FISH, probes for the loci suggested as follows may be used as either additional or alternative probes to those at 1p36.32/19q13.32.
Our array-CGH data indicated that the region between RP5-944F13 and RP11-25F16 on 1p (69.88 -77.88 Mb, 1p31.1) and the region between RP11-298M15 and CTD-2527I21 on 19q (38.09 -40.34 Mb, 19q13.12 -q13.2) are seldom deleted among the 20 tumors in the series with a partial deletion of 1p and/or 19q (3 AA, 12 GB, 1 AO, 1 OA, 3 AOA, Supplementary Material, Fig. S6A ). No partial 1p/19q deletion cases had deletions of these 2 regions at the same time. Therefore, FISH probes in these 2 regions should detect only genuine total 1p/19q loss. We therefore recommend the use of FISH probes from these 2 regions as alternative loci for the 1p/19q testing in a routine clinical laboratory. Although this needs to be validated in a larger study, this has a potential to serve as a reliable and practical alternative to the commonly used FISH probes or array-CGH in the routine laboratories.
Target Genes on Chromosome 1
In a previous study of 108 astrocytic tumors, we identified a minimal commonly deleted region on 1p36 as well as overlapping HD within this region in 9 GBs. 6 In the current study, we examined 96 oligodendroglial tumors with a chromosome 1 BAC tile path array. Only 1 OA showed a partial deletion involving 1p36.23 -p36.33, in addition to 2 other large interstitial deletions on 1p (1p36.11 -p31.3 and 1p31.1 -p12, Fig. 2A) . No HD at 1p36 was found in any of the oligodendrogliomas or oligoastrocytomas. It appears that interstitial deletions involving 1p36 is an almost specific genetic change in astrocytic tumors.
On the other hand, we found somatic HD in more centromeric regions of 1p in 3 oligodendrogliomas (2 O and 1 AO). All 3 are associated with total 1p/19q loss ( Fig. 2A) . One of the HDs includes a part of the DPYD gene, which encodes dihydropyrimidine dehydrogenase (DPD). DPD is best known as an enzyme involved in the catabolism of 5-fluorouracil (5-FU). 5-FU treatment for the cancer patients heterozygous for the mutated allele may cause serious and often fatal toxicity due to partial deficiency of DPD. Individuals homozygous or compound heterozygous for mutations may manifest various symptoms such as convulsive disorders, motor, and/or mental retardation. 21 In a small phase II study of 5-FU treatment in gliomas, 1 oligodendroglioma showed a complete radiological response, while no other types of glioma responded. 22 Although the association between the sensitivity to 5-FU and the status of DPYD needs to be established, 5-FU may be effective in a subset of oligodendrogliomas with DPD deficit. The role of DPYD inactivation in tumorigenesis is less clear. A common fragile site FRA1E has been mapped to the 370 kb region within DPYD spanning intron 8 -18, which overlaps with the HD in AO7. 23 Whether the deletion of DPYD is involved in gliomagenesis or if it is a bystander effect due to the structural vulnerability of the region remains to be seen.
Another 2 HDs on 1p in our series involved CDKN2C/p18 INK4C and FAF1. Mutations/HDs of CDKN2C/p18
INK4C have been reported in AOs and GBs. 24 -27 p18 INK4C belongs to the G 1 cyclin-dependent kinase inhibitor family and has been show to suppress growth when reconstituted in the CDKN2C null glioma cells. 26 A cooperative role of CDKN2C with CDKN2A in tumor suppression through a p16
INK4A -E2F1-p18 INK4C feedback circuit has been demonstrated, consolidating CDKN2C's role in gliomagenesis. 26 FAF1 is a member of the Fas death-inducing signaling complex and enhances Fas-mediated apoptosis 28 (references therein). It is plausible that loss of FAF1 may lead to the development of tumor by diminishing apoptosis. Altomare et al. found frequent deletions of FAF1 and down-regulation of the protein product in asbestos-induced malignant mesothelioma in Arf (þ/ 2 ) mice. They suggested that loss of FAF1, which is a regulator of the NF-kB pathway, may contribute to tumorigenesis via aberrant NF-kB signaling. 28 However, it is possible that CDKN2c, which is mapped in close proximity to FAF1, may also have been codeleted with FAF1 in their model. The significance of FAF1 loss in tumorigenesis remains to be clarified.
Target Genes/Regions on Chromosome 19
The target genes/regions of 19q deletion in gliomas have been elusive 29 (references therein). An extensive LOH mapping of 19q using polymorphic markers in oligodendroglial and astrocytic tumors resulted in several commonly deleted regions and candidate tumor suppressor genes, including epithelial membrane protein 3 (EMP3), 30 glucocorticoid receptor DNA binding factor 1 (GRLF1, also known as p190RhoGAP), 31 zinc finger protein 296 (ZNF296, also known as ZNF342), 32 and paternally expressed 3 (PEG3). 33 No somatic mutations have been found in these genes.
The most commonly deleted region in astrocytic tumors defined in our study spans 885 kb (56.78 -57.67 Mb), which lies telomeric to but not overlapping with the regions suggested by others (50.7-54.4 Mb, Fig. 2B) . 29 This region contains at least 34 genes, many of which belong to the members of the Krü ppel-type zinc finger transcription factor proteins. Chromosome 19 harbors 266 of 800 total human genes of this family located within 11 clusters. 34 The commonly deleted region defined in our study overlaps with 2 of the clusters.
The reason for inconsistencies in the proposed target regions of 19q deletions is unclear. The partial deletions of 19q in many of our astrocytic tumors span large regions, including the regions suggested by others (Fig. 2B) . In a study of 141 gliomas using an SNP array, Beroukhim et al. identified a large region of loss at 19q13.41, which centered at 55.2 Mb in 31% of cases. Their analysis of the data sets from 2 other SNP studies of gliomas 35, 36 also found a similar region of frequent loss at 19q13.41 (36%) centered at 55.3 Mb. This region falls between our region and that proposed by Hartmann et al. 7 The large number of genes/transcripts contained in these regions poses a challenge for anyone who wishes to identify the target gene(s).
Chromosome 19 has a high density of repeat elements, most notably the Alu repeat, which is known for its association with chromosomal rearrangements. 34, 37 Chromosome 19 is also known for its high prevalence of duplication structures of 2 types, one with tandemly clustered gene families and the other with large intrachromosomal segmental duplications. 34 It is possible that such sequence characteristics of chromosome 19 may predispose to chromosomal rearrangements, resulting in complex patterns of deletions.
One anaplastic oligodendroglioma (AO26) had an HD in the region containing a part of the tissue kallikrein gene clusters (KLK6-14) as well as SIGLEC7, SIGLEC9, and ATPBD3 (Fig. 3C) 38 (references therein). KLK3, also known as PSA, is a well-established biomarker for prostate cancer. KLK6-9 and 14 are preferentially expressed in central nervous system. Down-regulation of several members of the KLK family has been reported in a subset of breast cancers. SIGLECs are transmembrane proteins that are predominantly expressed on the cell surface of immune cells and considered to regulate their functions. 39 Their potential role in carcinogenesis is unclear. ATPBD3 (ATP-binding domain protein 3) forms a complex with urm1 and is involved in tRNA modification. 40 The significance of these genes in oligodendrogliomas is unknown.
Two amplicons on 19q found in this study are noteworthy. GB215 showed low-level amplification of AKT2, a gene encoding a serine/threonine kinase which is involved in the phosphatidylinositol 3-kinase (PI3K) pathway. AKT2 is an oncogene known to be amplified in a variety of cancers including ovarian cancers. 41 As GB215 has no mutation or HD of PTEN, AKT2 may serve as an alternative mechanism to disrupt the PI3K pathway. GB178 had an amplicon including CCNE1. Cyclin E1 is a G 1 cyclin that is involved in the G 1 /S progression of the cell cycle (RB1 pathway). GB178 has no mutations/HD/amplification at CDKN2A, RB1, or CDK4, while it harbors a TP53 mutation. 9 It appears that the amplification of CCNE1 may be an alternative way of disrupting the RB1 pathway, although it occurs infrequently.
Breakpoint Mapping of Putative t(1;19) Translocation
We attempted to locate the putative breakpoints of the t(1;19) translocation by identifying those associated with total 1p/19q loss using the combination of the BAC/fosmid array, oligonucleotide array, SNP array, and FISH. NOTCH2 is mapped on 1p12, close to the centromere. NOTCH signals are involved in nervous system development. 42 NOTCH2 amplification has been found in some medulloblastoma/PNETs, and introduction of a truncated form of NOTCH2 enhanced the proliferation of a medulloblastoma cell line. 43 These findings make NOTCH2 an attractive candidate for the target of the t(1;19) translocation. 16 Our BAC/fosmid array analysis showed a pattern suggesting copy number retention in the region both at and centromeric to the NOTCH2 gene. However, the oligonucleotide arrays indicated copy number loss in the region centromeric to NOTCH2. Similar findings using custom BAC and oligonucleotide arrays have recently been reported. 16, 44 This discrepancy is most likely due to the cross-hybridization of the BAC/fosmid probes to the NOTCH2NL region on 1q, which contains a 165 kb inverse duplication of the NOTCH2 region. 45 Such cross-hybridization could give rise to a false copy number retention pattern by the BAC/fosmid array. Only unique sequence probes were included in our oligonucleotide arrays, and as a consequence there were no probes covering these homologous regions (Fig. 4C) . The probes centromeric to the NOTCH2-homologous region (154 probes) detected deletions, indicating that the breakpoints on 1p were centromeric to those probes and did not involve NOTCH2. In line with this, Boulay et al. 46 studied exon 1 of NOTCH2 in oligodendrogliomas and found loss of one copy. Our FISH analysis using the most centromerically mapped BAC probe on 1p (a region further centromeric to the most unique centromeric oligonucleotide probe available, Fig. 4C ) suggested that this region may be retained. However, because of the high prevalence of alphasatellite repeats in this region, this result needs to be interpreted with caution. Boulay et al. 46 has reported the presence of intragenic HDs within NOTCH2 in oligodendrogliomas, although the presence of a truncated transcript has never been demonstrated. Mutations of NOTCH2 have been reported in several cancers, including lymphomas and a glioma cell line. 47, 48 Benetkiewicz et al. 44 examined sequences of all exons of NOTCH2 in 4 oligodendrogliomas and found no mutations.
The fosmid tile-path array data on 19q indicated normal copy number in various parts of the 19q centromeric region (chr19: 32423876-33037701, see Results) in several oligodendrogliomas (Fig. 5B) . Benetkiewicz et al. 44 used a high-density oligonucleotide array and reported similar findings. However, our SNP array analysis showed LOH in this region (Fig. 5D) . SNP array analysis is less likely to be influenced by the presence of repetitive sequences than array-CGH where the results are entirely dependent on the specificity of hybridization. Our FISH experiments in selected cases confirmed the SNP array data (Fig. 6) . The discrepancy may be due to the fact that more than 99% of the sequence in this region of 19q consists of repetitive elements, mainly of alpha-satellite repeats (www. repeatmasker.org). These repetitive sequences could cause cross-hybridization that gives rise to an incorrect apparent copy number retention pattern as has been observed for the 1p centromeric region. No known protein-coding genes are mapped in this region. We suggest, from our study and others, that the breakpoints of t(1;19)(q10;p10) are likely to be located within the centromeric -pericentromeric regions of 1p/19q, not disrupting any protein-coding genes known so far, including NOTCH2. The role of NOTCH2 in the development of oligodendrogliomas as a target of other genetic alterations however requires further investigation.
The identification of the t(1;19)(q10;p10) translocation caused a paradigm shift from the conventional tumor suppressor gene theory to the idea of an oncogenic fusion gene as a molecular target of this abnormality. However, the findings we and others have observed so far make the presence of such a fusion gene unlikely.
The presence of families that carry constitutional balanced t(1;19) translocations provides an intriguing addition to the story (Vazquez-Cardenas et al. 49 and references therein). The members of these families do not appear to have any phenotypical abnormalities associated with the translocation. The breakpoints of those constitutional balanced t(1;19) translocations are within the centromere of chromosomes 1 and 19. These data suggest that the disruption of chromosomes 1 and 19 centromeres alone may not necessarily be pathogenic. Taken together, the possibility still remains that there may be a gene(s) on 1p and/or 19q targeted by the loss of 1p/19q as a result of unbalanced t(1;19) translocation, which is involved in the pathogenesis of these tumors. Mukasa et al. 50 compared expression profiles between oligodendroglial tumors with and without 1p/19q LOH and found that nearly 60% of the genes whose expressions were significantly decreased in tumors with 1p LOH were located on chromosomes 1 or 19. The reduced expression possibly due to either haploinsufficiency 50 or loss of the unmethylated allele in imprinted genes (as exemplified in DIRAS3 on 1p31 51 ) in one or more of the genes on 1p/19q may be involved in the pathogenesis of tumors with this abnormality.
Our study indicated that the presence of total 1p/19q loss is associated with longer survival in adult gliomas independent of pathological diagnosis. Thus, the biological significance of t(1;19) is unquestionable. Currently, however, all options are still open regarding its molecular targets. The search for the target(s) of t(1;19)-or 1p/19q loss-continues.
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